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SECTION 1

SUMMARYF

U A study of potential energy sources and energy conversion methods for the Deployable Acoustic

Projector System (DAPS) has been conducted. Various battery systems. Including primary.

secondary. and reserve cells, were considered and the use of nontraditional power sources such

as fuel cells and internal combustion engines were explored.

Energy conversion methods (direct versus load leveling) were compared on the basis of total

size and weight. Direct energy conversion for the purpose of this study was viewed as an energy

source (battery) supplying power to the load (projector) at peak pulse levels through a dc-to-ac

inverter. For the purpose of this study, indirect conversion is viewed as a mechanical means

(flywheel) to store energy between pulses to reduce the peak drain on the battery. fuel cell. or

other energy supply.

The peak drive levels to the acoustic projector are defined in the DAPS energy study statement

of work as 100 kW for 10-second pulses, or 400 kW for 2-second pulses. The total stored energy

requirement Is given as 132 kWh.

I The projected weight for the different energy sources varied from 550 pounds for an internal-

combustion-engine/flywheel-energy-storage system to 3313 pounds for a silver-zinc

secondary-battery/dlrect-energy-conversion system. Volume projections varied from 14 cubic

feet for a fuel cell source to 43 cubic feet for a direct energy inversion, lithium-sulfur dioxide,

I primary battery system. In addition to size and weight, other factors considered were system

reliability, Initial cost. and long-term operating cost.

-- When all factors are considered, the best choices for energy sources appear to be the non-

traditional fuel cell or the internal combustion engine, in conjunction with mechanical energy

L storage for load leveling.
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SECTION 2

STATEMENT OF WORK

The Deployable Acoustic Projector System (DAPS) Is a high acoustic energy source that can be

deployed in various geographic areas of the ocean. The program is sponsored by PMW- 180 at

SPAWARS with the cognizant laboratory being NUSC. New London.

Preliminary investigations by NUSC identified several risk areas in this program: two of them

are the transducers (projectors) and the power sources. NUSC. New London. through NRL.

Orlando, issued a contract to Sparton Defense Electronics for the investigation of various

power sources that can be utilized in the DAPS program. Subsequent study and this final

report are a compilation of the investigation of various types of energy sources as they would

apply to the DAPS program.

The statement of work (SOW) for this contract requires Sparton to investigate and to document

in a technical report for the feasibility of providing a 132-kWh source and a means of

converting this dc energy into an ac signal (inverter) for driving the projector. In addition to

the capacity requirements, this report addresses a peak power rate of 100 kW for 10 seconds or

400 kW for 2 seconds.

The SOW requires Sparton to perform a tradeoff analysis of the energy source in terms of

cost/energy density, replacement cost. MTBF. linearity, recovery time between pulses,

recharging cost (if required). and viability of technology. In the analysis of the energy source,

[ Sparton has made a minimal number of assumptions to assist in the study of those energy

sources that would be suited to the operation of the DAPS. Those assumptions are:

1 (1) The 100 kW for 10 seconds Is the Important peak power requirement. This is

based upon the total energy to be supplied during the pulse being greater than the

400 kW for 2 seconds.

(2) The volume allowed for the energy source is 20 cubic feet. based upon the volume of

an S-3. bomb-bay-launched large weapon being 29 cubic feet with 9 cubic feet

allocated to the electronics and projector system. The weight allowed is 3000

L 7097-0001-1192 2



[ pounds. This assumption is flexible but is based upon a 4000-pound maximum

limit for the DAPS.

(3) The inverter study requirement is for a means to convert the energy source output

[ into projector drive and not into line-type ac power (440-V/3-phase).

The technical portion of the report is written in two sections. section 3 discusses the energy

source and section 4 the inverter. In section 4. the various energy systems are discussed. The

energy system studied represents various families of energy technology: primary types

(alkaline (MnO2). lithium), reserve (lithium and aluminum), secondary (lead-acid. NiCd).

thermal, and fuel cell. A table is included that summarizes the energy systems by theoretical

watts per kilogram and per liter, practical watts per kilogram and per liter, and the required

weight and volume to meet the 132-kWh requirement of the SOW. The difference between

theoretical and practical sizes is discussed. Additional discussions cover cost factors between

existing battery technology and those technologies that have commercial application but have

not been developed, operational safety of the commercial energy sources, peak power

loading/level loading with an energy storage system, and exotic energy sources on the horizon

that have not been tested and measured in enough depth to determine their feasibility and

I safety.

Sparton's recommendations for the best candidates are presented in section 7.

I
!

I-
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F SECION 3

ENERGY SOURCES

In a pulsed system such as DAPS. the energy source can be designed for either high power

de sity (capable of providing the peak pulse levels directly from the supply) or using some form

of load leveling (interpulse energy storage). Load leveling will reduce the peak power

requirement, allowing the use of a moderate or low-power-density source. The DAPS pulse

duty cycle of one 10-second pulse every 15 minutes (approximately 1%) is in a range that does
not strongly favor one approach over the other. In this DAPS energy source study, bothI approaches were considered in terms of total system weight. size. and cost.

The energy sources that were evaluated include primary, secondary, and reserve batteries.
Other energy sources considered are chemical fuel cells and an energy conversion system

utilizing an internal combustion engine.

1 DAPS ENERGY/POWER REQUIREMENT

The DAPS energy source requirements are specified by the NUSC specification P-2132/8167-

591 (Critical Item Development Specification for a Deployable Acoustic Projector System

DAPS) and the NRL statement of work for this study as follows:

[ Total (deliverable) stored energy 132 kWh

Peak power (2-second pulse duration) 400kW

Peak power (10-second pulse duration) 100 kW

Pulse interval 900 seconds

[ Based on the 132-kWh energy storage and the 100-kW and 400-kW peak power requirements.

four possible power supply concepts, using direct and indirect power conversion are:

(1) direct conversion, 100 kW (figure 3-1).[ (2) direct conversion, 400 kW (figure 3-2),

(3) indirect conversion. 100 kW (figure 3-3). and

L (4) indirect conversion. 400 kW (figure 3-4).

L 7097-0001-1192
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Pea 100 kW
11)(1 1111 D C -" ......

1 100 kW -

Ave = 1.11 kilowatts 10 sec

Life = 119 hours
Total = 132 kilowatt-hours

I

1 (pulse) E = 100 kW x -lsec = 0.277 kWh3600 sec

N= 132 kWh- = 4 76 pulses (10 sc)

0.277 kWh per pulse

I dutycycle = 10sec .=0.011
900 Sec

Spower average = lOOkWxO.Ol1 = 1.11 kW

life = 476 pulses . 119hrI 4 pulses per hr

pulse life = 10 sec x 470 pulses = 1.32hr

transmitter peak power = 100 kW

Sbattery peak power = 100 kW

battery average = 1.11 kW

L
L

L Figure 3- 1. Direct Conversion, dc-ac Inverter, 100-kW Pulse
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Pea 400 kW

I ~~400 kW J ii
Ave = 0.88 kilowatts 2H j sec
Life - 149 hours

Total - 132 kilowatt-hours

(Pulse) E = 400 kW x .- 2 sec - 0.222 kWh

N = 132 kWh- -595 pubes (2 se)
0.M2 kWh per pulse

Iduty cycle = 2m.~ -0.00222
900.wc

I power average = 400kW x 0.00222 = 0.888 kW

life = 59 pulses . 148.75 hr (6.2 days)4 pulses per hr

[Pulse life = 10 sec x470 pulses =0.33 hr

transmitter peak power = 400 kw

[battery peak power = 400 kw

battery average = 0.888 W

Figure 3-2. Direct Conversion. dc-ac Inverter, 400-kW Pulse
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LIe h1 Fhoueel

Toaor 1.53 kiowtthor

3CCW 0 000 kW

S0.55 kWe

I hp 50 kW

Ave = 1.11 kilowatts verage l

L[fe 119 hoursTotal = 132 kilowatt-hours

I (pulsep E = 100 kW x 10se= 0.277 kWh
3600 sac

l'N = 132 kWh - 476 pulses (lO-second duraton)

0.277 kWh per

duty cycle = 105Mc =0.011
900 se

[ power average = 100kWx0.011 = k.W kW

Slife = 476 pulses = 119 hr (5 days)
4 puls esir hr

Spulse life = 10 sam x 470 Pulses = 1.32 hr

transmitter peak power = 100 kW

battery peak power = = 2.22 kW

L battery average = 1.11 kW

Figure 3-3. Indirect Conversion. Generator/Flywheel. 100-kW Pulse
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[

i I44k 400 kW1 _2se
Moo Generator

I 1.•oL o•, -f,._ lI~

Ave = 0.888 kilowatts

Life = 149 hours
Total = 132 kilowatt-hours

I(pulse) E = 400 kW x 2se- 0.222 kWh
3600 sec

I N =- 132 kWh 595 pulses (2 sec)
0.222 kWh per pulse

I. duty cycle = 2 sec - 0.00222
900 sec

Spower average = 400 kW x 0.00222 = 0.888 kW

life = 595 pulses = 148.75 hr (6.2 days)

4 pulses per hr

L pulse life = 10 sec x 470 pulses = 0.33 hr

transmitter peak power = 400 kW

L battery peak power = 1.776 kW

[ battery average = 0.888 kW

L- Figure 3-4. Indirect Conversion. Generator/Flywheel. 400-kW Pulse
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S3.2 BATTERY SYSTEM

Batteries can be divided Into three general categories: primary, secondary, and reserve.

PrimarU batteries are fabricated of consumable electrode materials that Involve a non-
reversible chemical reaction. These are Intended for one-time operation and cannot be
recharged.I
Secondary batteries are designed for reversible electrochemical reaction processes that
allow recharging of the battery. In this type of battery, the anodic materials change in

chemical structure but are not consumed In the discharge process.

Reserve batteries can be of the primary or the secondary type. but the electrode and the
electrolyte are separated until the battery is activated. This method allows for a long

I storage life.

One type of a reserve battery that does not physically separate the electrolyte and the electrode
is the thermal battery. This type of battery Involves operation at high temperatures, which
converts solid electrolyte materials to a molten form. Activation Is accomplished with a
pyrotechnic heater. The thermal battery is a one-time high power density type of battery with
a very short life.

Another high-temperature, solid-electrolyte battery having the characteristics of both reserve[ and secondary batteries Is the sulfur-sodium storage cell. This battery type has a solid
electrolyte and liquid electrode materials. The sulfur-sodium cell exhibits both high energy

1 and high power densities.

The physically separate storage of the electrolyte In low-temperature reserve cells removes the
requirement for low leakage to achieve acceptable shelf life. This process allows the cell to be
designed for greater power density or otherwise conflicting requirements.

3.2=1 Energy/Power Characteristics

L Battery performance generally is specified In terms of energy density and power density. The
two factors are related In terms of the discharge rate. This Is a consequence of the battery

L Internal resistance that dictates the Internal losses as a function of current drain.

L 7097-0001-1192 9



[ The energy density or specific energy measured in watt-hours/kilogram is a measure of the

available energy of a battery at a given current drain. The power density or specific powerr measured as watts/kilogram is a measure of the Instantaneous power available at the same

drain rate.

If the specific energy is plotted as a function of specific power, a characteristic curve of battery

performance is generated. Characteristic curves for various battery types are shown in

figure 3-5. It is apparent from figure 3-5 that the highest energy density is achieved with the

smallest power drain for all battery types shown. High internal loss and associated low ene

j density at high current drains are indicated for alkaline batteries. In general. the greater

slope, the higher the internal losses for each battery type.

Based on a 3000-pound weight limit for the DAPS battery complement, the dashed line AA

(figure 3-5) represents the minimum acceptable energy density that will provide the required

132 kWh of energy storage. This is approximately 96 Wh/kg. If 100% efficiency for the energy

conversion system is assumed.

The dashed line BB (figure 3-5) represents the lower limit for the power density for direct

I conversion at 100 kW per pulse. This is equal to 73 W/kg. again assuming 100% efficiency.
The power density for indirect conversion using energy storage Is by comparison 0.80 W/kg.

The energy data for the various battery types throughout this report and specifically in

figure 3-5 and table 3-1 are not taken from a single source, but are compiled from the sources

listed in the bibliography. The cost data, table 3-6, were taken from David Unden, Handbook
of Batteries and Fuel Celis (see bibliography).I

SPrlm•ary Bafteries

I Table 3-1 compares the theoretical and practical energy densities for the five most commonly
used primary battery types in terms of watt-hours/kilogram. The energy density in terms of[ watt-hours/liter is given to compare the volume requirements.

[ The energy density values shown in table 3-1 are based upon a 119-hotir current drain. To
realize these values, the DAPS energy system would require some form of load leveling to

L provide a constant power drain for the 119-hour life of the system.

7097-0001-1192 10
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Table 3-1. Energy Capacity
119-Hour Discharge Rate

=C=nacltv - 119-Hour Rate
Bat ftrnheoretical B3Ctlm(Wh/kg) {Wh/Ib) (W~h/lrg) (Wh/lb) (Wh/8 (Wh/ft3)

Prbnary

Lithium-sulfur dioxide U/S02 1175 533 300 136 425 12.040
LIthIum-thionyt chloride U/SOCl2 N/A N/A 340 154 675 19,122
Manganese dioxdde. Zn/MnO2 350 159 90 41 200 5.666

alkaline
Mercuric oxide ZnFHgO 250 113 100 45 320 9.065
Silver oxide ZnAg20 290 132 130 59 515 14.589

Sealed lead-acid Pb/PbO2  250 113 35 16 80 2.266
Nickel-cadmium Cd/NIOH2 240 109 35 16 80 2.266
Silver-zinc Zn/AgO 500 227 180 82 490 13.881
Silver-cadmirun Cd/AgO 318 144 80 36 165 4.674
Sulfur-sodium Na/S 790 358 190 86 285 8.074

I Resewe
LUthium-thionyl U/SOC12 1470 667 165 75 245 6.941

chloride1

Lithium-silver U/AgO 1370 621 200 91 290 8.215
oxide1

Aluminium-silver Al/AgO 1040 472 170 77 250 7.082
Ixide1

Fuel cell, alkaline H-O/HOH N/A N/A 660 299 933 26.431
Hydrocarbon (internal -- N/A 2234 1013 1084 30.708[ combustion engine)

In general. primary batteries provide the highest energy density of the various battery types[ considered, but they also have the lowest power density.

All of the types listed, except the alkaline battery. meet the DAPS energy source weight and

volume requirement. The figures shown In table 3-1 are based upon operating temperature in

excess of 20"C and would require derating for actual operating temperatures.

The mercuric oxide battery probably would be ruled out on the basis of low-temperature

performance. The silver oxide battery Is available only In small (button) sizes. The lithium

batteries In D-slze or larger cells will provide in excess of 3000 Wh/kg of energy storage.L

LDischarged at 0.10/hour rate (no other data available).

L 7097-0001-1192 12



rThe lithlum-thionyl chloride batteries have the highest energy density In terms of weight and

volume, followed by the lithium-sulfur dioxide. On the basis of the 132-kWh energy[ requirement, the cell count using LI/SO2 D cells will exceed 5000 if load leveling is used and

will exceed 9000 if direct conversion is used. Because of the number of cells required, the use of

lithium cells presents a safety hazard.

The mean time between failures (MTBF) for a lithium-battery-based energy source would be

1 2469 hours. This MTBF is based upon a failure rate of 4.5 x 10-8 cells per hour as listed in the

ERAPS DAU battery specification.I
&.2.3 Secondazy Batteries

SThe five most commonly used and readily available secondary batteries are listed in table 3-1.

Lead acid and nickel-cadmium batteries are similar in energy and power density, but both fare

poorly in comparison to primary lithium batteries. The energy density at 35 Wh/kg is only

10% of the lithium capability and only 15% in terms of energy per unit volume. The silver-
cadmium battery at 80 Wh/kg is better, but falls short of the 96-Wh/kg minimum requirement.

The silver-zinc storage battery appears to meet both size and weight requirements. The energy

density of 180 Wh/kg is well above the minimum 96-Wh/kg requirement, while the

energy/volume ratio of 490 Wh/l surpasses lithium-sulfur dioxide primary cells.

Sulfur-sodium storage cells are still largely in the developmental stage. These cells offer an

[ energy density comparable to silver-zinc but at a much lower cost. The sulfur-sodium cell is

considered to be a future energy source for electric traction vehicles. The sulfur-sodium cell is

not a viable candidate for the DAPS requirement because the cell has not reached commercial
production status.

13.2.4 Reerve Batteries

L The reserve battery offers two unique advantages over primary and secondary battery systems:

S(1) greater safety during storage and deployment and

(2) a potentially very high power density.

7
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The safety concern for high-energy systems Is a serious problem. The reserve electrolyte

system of activating a battery essentially reduces the hazards of primary battery systems

before deployment.

The higher power density attainable with reserve batteries (where storage life Is not dependent
upon internal cell leakage) allows for the design of a battery capable of extremely high current
drains. This type of battery would allow direct energy conversion without the need for load

leveling.

Three examples of a high power density reserve system are shown in table 3-1. These are the
lithium-thionyl chloride, lithium-silver oxide, and the aluminum-silver oxide battery system.
developed by SAFT for the MK-50 ALWT requirement. These batteries demonstrated an energy

density of up to 200 Wh/kg and a power density over 2000 W/kg.

3.2.5 Fuel Cell

Listed among the reserve batteries In table 3-1 is a fuel cell. This particular fuel cell Is an
alkaline (hydroxide) unit similar to the one currently used In the space shuttle. The fuels used
are gaseous hydrogen and oxygen. The energy storage density Is high. 660 Wh/kg and 933 Wh/l.

The fuel cell generally is designed for a moderate power density and is best used in conjunction

with a load leveling system.

[ 3.2.6 Internal Combustion Engine

No other energy source can compete in terms of volume efficiency with the internal

combustion engine. The engine listed in figure 3-1 is a small four-horsepower, four-cycle unit
that can be designed to operate from gasoline or propane or any other appropriate fuel source.

The energy density, including the weight of the engine and fuel for a 119-hour operation, is

2234 Wh/kg or 1085 Wh/l. This is by far the highest energy density available for any type of
energy source, but it must be offset by the weight of the additional equipment needed to convert
the energy into electrical form. The size and weight advantage is compromised further by the

need to operate the engine near the surface (snorkel operation) and to transmit power down a

cable to the subsurface unit. However, the advantages of low cost. high reliability, and overail
safety make this energy source very attractive.

7097-0001-1192 14



[ 3a.7 Size and Weight - 119-Hour Discharge Rate

SEstimates of the size and weight of the various energy sources is provided in table 3-2. based

upon a 119-hour discharge rate. The lithlum-thionyl chloride battery provides both the lowest

weight and the smallest size of the primary cells. The 854-pound weight estimate is well below

the 3000-pound upper limit, while the projected volume of 6.9 ft3 is well below the 20-ft3

allowance. These values are followed closely by the size and weight estimates for lithium-

I sulfur dioxide battery.

Of the currently available secondary. or storage, batteries only the silver-zinc battery meets
the weight and volume restrictions. At 1613 pounds and 9.5 ft3 . the silver-zinc battery is a

I Table 3-2. Size and Weight Estimates
119-Hour Discharge Rate

I Size and Weight
To Meet 132-kWh Regutremrnt

Batlyle eih Volume

(Ib) (ft 3 )

Primary

Lithium-sulfur dioxide U/SO2  968 11.0
Lithium-thionyl chloride LI/SOCl2  854 6.9
Manganese dioxide, alkaline Zn/MnO2  3226 23.3Mercuric oxide Zn/HgO 2904 14.6
Silver oxide Zn/Ag2 0 2234 9.1

[ Secondary

Sealed lead-acid Pb/PbO2  8297 58.3
Nickel-cadmium Cd/NIOH2  8297 58.3
Silver-zinc Zn/AgO 1613 9.5
Silver-cadmium Cd/AgO 3630 28.3
Sulfur-sodium Na/S 1508 9.1

I Reserve

Lithium-thionyl chloride1  Li/SOC12 1760 19.0
Lithium-silver oxide1  LI/AgO 1708 16.4
Aluminum-silver oxide1  Al/AgO 1416 18.6
Fuel cell H-O/AgO 441 5.0
Hydrocarbon (internal

combustion engine) 130 4.3

L
1Dlscharged at 0.10/hour rate (no other data available).
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reasonably good choice for an indirect conversion system. The silver-zinc cells have a long

and proven record for high reliability and performance.

r'The reserve batteries listed are designed for high-current, short-life application and probably

would not meet the 119-hour life requirement because of internal leakage while activated.

The fuel cell at 441 pounds and 5.0 ft3 volume is a clear winner among chemical energy sources

for low-drain systems. As with other indirect conversion systems. the weight of the energy

storage and load leveling component must be included.

Of all systems considered, the internal combustion engine, at 130 pounds and 4.3 ft3 volume. is

the lightest and smallest energy source available. Here again, considerable weight must be

added to convert the mechanical energy to a usable form.

3.2.8 Energy Capacity - 1.32-Hour

Dhicharge Rate

The 1.32-hour discharge rate Is based upon direct conversion of energy at 100-kW peak pulse
levels such that the cumulative drain on the battery is 132 kWh: a total of 475 pulses of 10-

second duration is assumed to equal a 100-kW discharge of 1.32-hour duration. The capacity of
the various energy sources at the 1.32-hour discharge rate is given in table 3-3. In addition to
the capacity in terms of energy density, the power density of the batteries (i.e.. W/kg and W/1) is

provided.

To meet the direct conversion energy and power density requirement, the battery character-

istic must exceed the limits AA and BB (dashed lines) shown in figure 3-5. The minimum

energy and power densities required are 96 Wh/kg and 73 W/kg, respectively.

I Only three battery types (shown in the upper right corner of figure 3-5) meet these

requirements:

(1) silver-zinc (secondary).

(2) sulfur-sodium (secondary), and

(3) lithium-sulfur dioxide (primary).

L 7097-0001-1192 16
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Table 3-3. Energy Capacity
S1.32-Hour Discharge Rate

Er Capacitv - 1.32-Hour Rate
Enerry Densily Power Density

Bar hg WhLb WA WA WbLhg WWh / a ý LfW&

Prilmary

Llthium-sulfur U/SO2  176 80 250 7.082 133 60 188 5.326
diaxide

Lithium-thionyl U/SOC12  NA NA NA NA NA NA NA NA1 chloride
Manganese diodde. Zn/MnO2  15 7 34 963 11 5 26 737
alkaline

Mercuric oxide Zh/HgO 11 5 35 992 8 4 27 765
Silver oxide Zn/Ag20 121 55 478 13.541 91 44 361 10.227

Secondary

Sealed lead acid Pb/PbO2  22 10 50 1.416 17 8 37 1.048
Nickel-cadmium Cd/NIOH 2  27 12 63 1.785 21 10 47 1.331
Silver-zinc Zn/AgO 154 70 419 11.870 116 53 316 8.952
Silver-cadmium Cd/AgO 60 27 124 3.513 46 21 94 2.663
Sulfur-sodium Na/S 132 60 198 5.609 100 45 149 4.221

Reserve

Lthlum-thlonyl LI/SOC12 165 75 245 6.941 1650 748 245 6.941
chloride1

LUthium-silver U/AgO 170 77 290 8.215 2035 923 290 8.215
oxide1

Alumninum-silver Al/AgO 205 93 250 7.082 1690 767 250 7.082
aidde1I-

The reserve batteries shown have the potential to meet the energy and power density require-

ments. but they will not meet the 119-hour life without a redesign to reduce internal leakage

while activated.

F 3.2.9 Size and Weight - 1.32-Hour Discharge Rate

The size and weight of the lithium-sulfur dioxide battery. while still within limits, is nearly

double compared to the I 19-hour values. The weight as shown In table 3-4 is up to 1650 pounds

F compared to 968 for the 119-hour rate. The size shows an Increase from 11.0 to 18.7 ft3 .

IDischarged at 0.10/hour rate (no other data available).
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Table 3-4. Size and Weight
1.32-Hour Discharge Rate

Direct Conversion (1.32 Hour)
Size and Weight

To Meet 132-kWh Re]uirement
Batr Syt Weight

(ib) (it 3 }

I Primary

Lithium-sulfur dioxide Li/SO2  1.650 18.7
Lithium-thionyl chloride LU/SOCI2  NA NA
Manganese dioxide, alkaline Zn/MnO2  19.360 137.0Mercuric oxide Zn/HgO 26.400 133.0Silver oxide Zn/Ag2O 2,400 9.75

Secondary

Sealed lead-acid Pb/PbO2  13.200 93.0
Nickel-cadmium Cd/NIOH2  10.750 74.0
Silver-zinc Zn/AgO 1.885 11.1
Silver-cadmium Cd/AgO 4,840 37.6
Sulfur-sodium Na/S 2,200 23.5

Reserve

Lithium-thionyl chloride1  Li/SOC12 1.760 19.0
Lithium-silver oxide1  Li/AgO 1.708 16.0
Aluminum-silver oxide1  AI/AgO 1.416 19.0

The silver-zinc battery shows a much smaller increase in both size and weight (approximately

15%). However, the silver-zinc battery has a considerable size advantage. 11. ft3 compared to1 18.7 ft3 required for lithium-sulfur dioxide. The sulfur-sodium battery is a weak third and is

out of specification in terms of volume (23.5 it3 ).L
3=..10 IJnearity Characteristics

The discharge profile is affected by operating load and temperature. In general. a flat profile is

preferred to avoid undesired voltage regulation with attendant losses, or variations In

delivered load power. The discharge profiles and the power densities of the various battery

systems are compared in table 3-5.

I Discharged at 0.10/hour rate (no other data available).
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Table 3-5. Linearity Characteristics

Linearity

.attery System Discharge Profile Power Density

Primary

Lithium-sulfur dioxide U/SO2  very flat high
Lithium-thionyl chloride U/SOC12 flat moderate
Manganese dioxide, alkaline Zn/MnO2 moderate slope low
Mercuric oxide Zn/HgO flat low
Silver oxide Zn/Ag20 flat high

I Secondary

Sealed lead-acid Pb/PbO2 flat high
Nickel-cadmium Cd/NiOH2  very flat high
Silver-zinc Zn/AgO double plateau high
Silver-cadmium Cd/AgO double plateau moderate
Sulfur-sodium Na/S flat high

I Reserve

Lithlum-thlionyl chloride LI/SOCI2 moderate slope very high
Lithium-silver oxide LI/AgO moderate slope very high
Aluminum-silver oxide AI/AgO moderate slope very high
Fuel cell H-O/HOH flat moderate
Hydrocarbon (internalIcombustion engine) flat low

Silver-zinc and silver-cadmium batteries have a double plateau charge/discharge character-

I istics. which rcsult in a discrete step in the voltage discharge profile. This is a result of a

change in the chemical reaction in the middle of a cycle.I
32.11 Cost Comparison

Table 3-6 provides a cursory look at the energy source costs in terms of dollars/kWh. Table 3-6

compares the costs based upon various chemistries that are indicative of the total supply cost.

The energy cost figures are used to estimate the cost of a 132-kWh energy source in terms of

initial and replacement cost, but they do not reflect the savings resulting from recharging of

L secondary battery systems. Cost for reserve cells is not available because of the special

(noncommercial) designs (and unique cost) for every battery system.

L
L
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[ Table 3-6. Cost Comparison

Battery Replacement
_I- (Total System)

S(dollars/kW h) (dollars/ 132 kW h)

[ Primary

Lithium-sulfur dioxide LU/S0 2  $ 250.0 $ 33.000
Lithium-thionyl chloride Li/SOCI2  $ 250.0 $ 33.000
Manganese dioxide, alkaline Zn/MnO2  $ 70.0 $ 9.200Mercuric oxide Zn/HgO $ 450.0 $ 59.000Silver oxide Zn/Ag2 O $4000.0 $528.000

Secondary

Sealed lead-acid Pb/PbO2  $ 50.0 $ 6.600
Nickel-cadmium Cd/NiOH2  $1000.0 $132.000
Silver-zinc Zn/AgO $1150.0 $152.000
Silver-cadmium Cd/AgO $1500.0 $198.000
Sulfur-sodium Na/S NA NA

I Reserve

Lithium-thionyl chloride1  Li/SOC12 NA NA
Lithium-silver oxide1  LI/AgO NA NA
Aluminum-silver oxide1  Al/AgO NA NA
Fuel cell H-O/HOH NA NA
Hydrocarbon (internal -- $ 1.65 $ 18 (propane)

combustion engine)

I

I 1DIscharged at 0. 10/hour rate (no other data available).
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SrSECTION 4

ENERGY I DVERSION TCN9E[
To convert the source energy to a form suitable for driving a high-power acoustic projector.

several inversion techniques were considered. The energy sources consisted of primary and

secondary batteries, a fuel cell. and an internal combustion engine.

The energy inverters included a solid-state dc/ac Inverter, motor generator, flywheel, and a

variable-speed, constant-frequency (VSCF) aircraft generator. Energy conversion was

accomplished in both direct and stored form using mechanism storage.

4.1 INVERTER METHOD A

Method A shown in figure 4-1 utilizes a lithium-sulfur dioxide primary battery as the energy

source. Direct energy conversion is used with a solid-state inverter to convert the battery
voltage to a sonic frequency drive for the transducer array.

Energy Is drawn from the battery in 100-kW. 10-second pulses at 15-minute intervals. The

I inverter weight and volume characteristics are based upon commercial equipment operating at
similar power and frequency values. The inverter weight scaling factor was 70 W/lb.

E Power
Energy Source Converter Load

PRIMARY SOLID TRANSDUCER
BATTERY -RSTATER ARRAYý> INVERTER , ,

Type - Lithium (Li/SO2) Ro= 100kW SL = 241 dB/fiPa (eff)
w = 1650 Ib w = 1428 lb DI=lOdB
Vol = 18.7 ft3  Vol = 24 ft 3  t = 10 sSNo. Cells = 8860 D size t = 10 s
Drain = 100 kW

Total Weight: 3078 lb
Total Volume: 43 ft3

L Figure 4- 1. Inverter Method A
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[Examples of commercial grade dc-ac static Inverter systems shown in EEM 88. 891 provide an

insight to the size and weight requirements for direct conversion energy systems. methods A

and B. Based upon the power/weight ratios of the units shown (i.e.. 10 W/lb to 100 W/lb). an

optimistic value of 70 W/Ib was used to predict the weight of the inverters used in methods AI and B.

The power source of method 1 weighs 3078 pounds and has a volume of 43 ft3 . The weight and

I volume are divided evenly between the battery and the Inverter.

4.2 VIVZRTER MLX=OD B

Method B Is Identical to method A except a secondary type of battery (silver-zinc) is used in

place of the primary battery. This results In a slight Increase In total weight and a small drop
In total volume. The total weight of the power source is 3313 pounds and the volume is 35.1 f13

I (figure 4-2).

14.3 ]NVE.RTR M3WIOD C

Method C is an energy storage system utilizing a flywheel for load leveling. The energy source

is a primary battery (lithium-sulfur dioxide) operated at a low level (figure 4-3).

[ The battery power is used to drive a 2-horsepower electric motor, which in turn is used to drive

a 200-pound flywheel at a high speed (10.000 rpm). The flywheel Is coupled directly to a VSCF

(variable speed constant frequency) generator that supplies 100 kW, 10-second sonar frequency

pulses to the transducer array. The method 3 power source weighs 1378 pounds and has a
volume of 20 ft 3 . This is an appreciable saving in size and weight compared to the direct

L inversion method.

CalculaUons in support of the flywheel energy support system are given In appendix A. An

example of an aircraft VSCF generator design Is given in the Handbook for Electrical

Engineers. 2 Table 21-4 of the Handbook lists the characteristics of typical aircraft generators

in terms of kilovolt-ampere rating, size, weight, and other pertinent parameters. This table

1 Electronics Engineers Master Catalog. volume D. Power Sources. Instrumentatlon. ComputerL Products. and Equipment. 3 1st edition.

2Handbook for Electrical Engineers. 10th edition. Fink and Carroll. McGraw-Hill. 1968.
p. 21-9. 21-10.
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fI

Power
Energy Source Converter Load

SCNAYSOLID TRANSDUCER
SECONDARY STATEA

INVERTER A IRA

F Type = Silver-Zinc Po= 100kW SL - 241 dB/jsPa (efO
w -1895 lb w -u1428Ilb DI-6dB
Vol = 11.1 ft3  Vol = 24 ft t= 10s

V!Drain 100 kW t=10s

Total Weight: 3313 lb

I Total Volume: 35.1 ft3

I Figure 4-2. inverter Method B

Power Energy Driver Load

Energy Source Converter Storage

[PRIMARY ELECTRIC ; FLYWHEEL GVSCF TRANSDUCER
BATTERY MOTOR STORAGE GENERATOR ARRAY

I Type = Lithium (Li/SO2) Po= 2 hp E = 896 Wh Po= 100 kW SL = 241 dB/dPa (eff)

w=9681b 3 w=10lb AE = 277 Wh t = 10 s DI = 10 dB

Vol = 11 ft3  Vol = 0.5 ft3  w =2001b w=200lb t=10s

No. Cells = 5200 D size Vol = 0.5 ft3  Vol =8.0 ft3

Drain = 1100 watts I-1:10,000 rpm
Di 10as8,002 rpm

Total Weight: 1378 lb

Total Volume: 20 ft3

Figure 4-3. Inverter Method C
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I , j

[ was used In the estimates of size and weight for the DAPS energy source using stored

mechanical energy such as In Inverter methods C. D, E. and F. Figure 21-5 of the Handbook is a
block diagram of a VSCF generator system used to generate a discrete frequency output voltage

with a variable armature speed.

14.4 INVERTER METHOD D

Method D is identical to method C with a secondary (sLIver-zinc) battery substituted for the
lithium primary battery. The weight is considerably higher (2023 pounds compared toI 1378 pounds). and there Is a slight reduction In volume (18.5 ft3 compared to 20.0 ft3)
(figure 4-4).

S4.5 INVERTER METHOD E

Method E substitutes a fuel cell for the battery as an energy source. Otherwise. the system Is

identical to method C and method D. With a total fuel cell weight (Including fuel for 119 hours
of operation) of 341 pounds. the total system weight Is reduced to 851 pounds. The volume Is

Ireduced to 14 ft3 (figure 4-5).

4.6 INVERTER MEHOD F

Method F is a totally unique system using an internal combustion engine as an energy source.

The system can be designed to operate from gasoline or propane, but it requires an air Intake.
Consequently. operation near the surface is required (snorkel breather). Since power must be
transmitttd down the signal/suspension cable to the lower unit. an additional motor-
generator set Is required. The total fuel weight for 119 hours of operation Is 110 pounds.L
Even with the additional power conversion functions, the total system weight Is less than for
the other inversion me-.ods. The total power source weight Is estimated at 550 pounds. with a
volume of 13.8 ft3 (figure 4-6). Calculations in support of these estimates are given in

appendix B.

L
L
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Energy Source Power Energy Driver Load
Converter Storage

SECONDARY ELECTRIC FLYWHEEL VSCF TRANSDUCER
BATTERY MOTOR STORAGE GENERATOR ARRAY

Type = Silver-Zinc Po=2 hp E = 896 Wh Po = 100 kW SL =241 dB/gPa (eff)
w = 1613 1b 3 w=10lb 3 AE = 277 Wh t = 10 s DI =- 0 dB
Vol = 95 ft 3  Vol = 0.5 ft3  w =2001b w = 2001 b t=10s
Drain = 1100 watts Vol = 0.5 ft3  Vol =8.0 ft3

i Total Weight: 2023 lb

Total Volume: 18.5 ft3

I
FIgure 4-4. Inverter Method D

!

Energy Source Power Energy Driver Load
Converter Storage

F CL f\ELECTRIC FLWELVSCF TRANSDUCER
UEL MOTOR GENERATOR ARRAY

Type = Alkaline Po=2hp E = 896 Wh P0 =100kW SL = 241 dB/hPa (eff)
H-O/KOH w=0 lb AE = 277 Wh t = 10 s DI = 10 dB

w=3411b Vol =0.5 ft3  w = 200lb w = 2001b t=lOs
w enclosure= 100 lb Vol = 0.5 ft 3  Vol =8.0 ft3

Vol = 5 ft 3  ()1 = 10,000 rpm[ Drain = 1100 watts ()2 = 8,300 rpm

I Total Weight: 851 lb
Total Volume: 14 03

I Figure 4-5. Inverter Method E
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SECTION 5
STOWAGE AND DEPLOYMENT

!
The deployed configurations for each of the inverter methods are shown in figures 5-1. 5-2.

and 5-3.

I Figure 5-1. for inverter methods A and B using direct inversion, requires the energy source

(batteries) to be located near the transducer to avoid large cable losses.

The energy source for inverter methods C. D, and E shown in figure 5-2 can be located in either

the upper or lower units. Locating the source at the surface allows simpler repair, replacement

or recharging of the batteries, or replenishment of the fuel supply for the fuel cell.

I The stowage and deployment configuration for the Internal combustion engine (figure 5-3)

requires the engine to be near the air supply. Thus. the engine and fuel tank are located in the

surface unit. A generator located in the surface unit converts the mechanical power to
electrical for transmission down the power/signal cable. The low-level power (1100 watts)

transmitted down the cable is used to drive a motor flywheel energy storage system. coupled to

a VSCF generator. The VSCF generator in turn supplies the high-level sonar frequency pulses

[ to the transducer array.

The losses in the power cable will be minimal. For example. 1100 watts of power transmitted

down the cable to a depth of 500 feet, using number 10 conductor, at an RMS current of

5 amperes will result in a loss of only 60 watts.

L
L
L
L
L
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ISurface 
Antenna/Float

I ••

I
U Subsurface

Eletroic

Sina

L
L

Figure 5-1. Stowage and Deployment Invtery

Methods Direct Inversion
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I
II
I i SurfaceAntenna/Float

Unit Surface

S~Electronics

I • Energy Source

L (Battery, Fuel Cell)

Power/Signal
Cable

[ 
Electric

Motor (2)
Subsurface

Unit Flywheel (2)

VSCFS~Generator

Driver (2)

S~Transducer

L

L Figure 5-2. Stowage and Deployment Inverter
Methods C. D. and E. Load Leveling
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SnorkelAntenna/Float

i " Surface

Electronics
iFuel

Engine (Internal
. Combustion)

Generator DC

S~Power/Signal

S~Cable

SubsufaceMotor 
DC (2)

SUUnifta Flywheel (2)

VSCF
S~Generator

Driver (2)

I

Transducer

Array

L Figure 5-3. Stowage and Deployment Inverter

Method F. Internal Combustion Engine7
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SECTION 6

ADVANCED POWER SOURCESI

I Sparton chose not to include advanced power sources in this study, since those considered

applicable are still in early phases of development and not yet commercially available. These

I advanced power sources are. however. worthy of future consideration, because of their

potentially high energy densities and small volume. These sources may prove themselves with

Ilow operating costs and reduced maintenance requirements. Future consideration of these

concepts will likely be made after comprehensive test and evaluation on the commercial

I market.

.1 ALUMIJNUM AIR

There are several advantages associated with use of an aluminum air power source:

I (1) it has high theoretical energy density (8.135 Wh/kg) with 300 Wh/kg achievable at

this time.

(2) it is lightweight.U
(3) it uses widely available nonhazardous materials, and

(4) it is safe to operate.

L Because the cathode is air. the bulk of the power source volume would be taken by the anode.

This gives much greater capacity than would be available with power sources containing both

I active electrodes.

I Although aluminum air at first glance may not seem like a new power source technology, use of

aluminum air in underwater applications is. This is because there is no direct effcient means

of supplying air/oxygen to the underwater source. However. a new artificial gill technology is

evolving, which holds promise of making underwater aluminum air power source applications

feasible.

L 7097-0001-1192 31



This new artificial gill technology is being developed by Aquanautics. a California firm, and

has been funded by DARPA. In fact. DARPA has awarded Aquanautics a $1.2 million extension

to continue this effort through FY-88. A small 15-watt fuel cell system (aluminum air) having

a 3-day life has been demonstrated. Aquanautics intends to develop a 300-watt power source

using the DARPA funds.

The artificial gill has three subsystems: a matrix of hollow fiber membranes through which

oxygen diffuses, an oxygen-binding carrier fluid, and a chamber used to separate oxygen

electrochemically. This system emulates the function of hemoglobin in the human blood.

8.2 NUCLEAR

I Another potential power source that is not necessarily new but has a new twist is nuclear.

Periferal Systems. Inc.. of Portland. Oregon. announced in Design News. September 1988. that

a new nuclear battery (Nucell) is under development that converts nuclear energy directly into

electric energy rather than the traditional method of conversion of heat energy into electrical

energy. This new technology yields an increase of 100,000 times over conventional methods.

The new system uses nuclear waste products (strontlum-90). which are enhanced for this

I purpose. Strontium-90 has an upper yield of 7500 watts per gram. A Nucell the size of a soup

can would be able to produce 75 watts and a wastebasket size would be able to produce 50 kW.

I. Half-life of strontium is 28 years.

Nucell has no moving parts and will be able to produce power for years. There is no concern

over radiation since the alpha particles can be contained by a piece of paper and the beta

L particles can be contained by 0.03 inch of aluminum. Research and developmr:nt cost of this

battery is likely to exceed $5 million.

I Both of these power sources, when fully developed, have the potential capability of supplying

the energy needs of DAPS as well as other devices requiring large power demands. One of the

greatest difficulties In meeting high pulse power demands such as required in DAPS Is

developing a power source that can meet required high current densities without resulting in

[ gross overcapacity. Minimum material thicknesses plus large electrode surface areas usually

will result in an overcapacity condition and prevent achievement of the smallest package

L design.
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SECTION 7

RECOMMENDATIONS

To determine the most suitable energy source for the DAPS concept, the six energy inversion

methods described in section 4 were ranked on the basis of five physical and operational

parameters:

(1) weight,

(2) size.

(3) reliability.

(4) procurement cost. and

(5) operating cost (10 missions).

The rankings are given in table 7-1 on the basis of 1 to 6. where 1 is the best choice for a given

characteristic.

The battery-powered systems using direct energy conversion are clearly the poorest choices in

nearly all categories. The lithium-powered systems using indirect conversion are acceptable

but suffer from poor reliability and high extended operating cost. Silver-zinc batteries incur a

large weight penalty plus a high initial cost using the indirect conversion system.

The fuel cell is a good choice but will have a high development cost. The internal combustion

engine appears to be the best overall selection, but there Is little experimental data to support

this choice. However, since the internal combustion engine, combined with the suggested
flywheel energy storage technique, is based upon proven technology, the development risk is

quite low.

On the basis of the results of this study. Sparton recommends the internal combustion engine
system be pursued as the energy source portion of the DAPS. Should factors not considered

within this study make this system unusable, the fuel cell energy source with load leveling is

our recommendation.

Sparton further recommends that additional research and/or preliminary development effort
related to nontraditional power sources and fuel cells be conducted. This effort should be

carried out in parallel with a program to modify existing VSCF generator equipment to include
L additional initial energy storage.
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L



[Table 7-1. Energy Source Ranking

|0 .•

I Inverter X.
Reference -

Meho EerySource nerin Total Pointst
A Primary-lithium Direct 6 6 6 3 6 27
B Secondary-Zn/AgO Direct 5 5 4 5 4 23[ C Primary-lithium Indirect 3 4 5 2 5 19
D Secondary-Zn/AgO Indirect 4 3 3 4 3 17
E Fuel cell Indirect 2 2 1 6 2 13

F Gas engine Indirect 1 1 2 1 1 6

*1 is best, 6 is worst.
tLowest total is best.

I7
I-
L
I

L

L
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APPENDIX A

FLYWE EZZNERGY STORAGEI-

The energy stored In a flywheel is proportional to its mass, its radius (effective), and its

rotational speed. When energy Is transferred Into or out of the flywheel. the rotational speed

must change. The following derivation calculates the resulting change In rotational speed for a

100-kW. 10-second pulse and a 400-kW, 2-second pulse. This change In speed can be used to

i select the proper variable-speed, constant-frequency (VSCF) generator for this system.

I 100-kWPulse

(figure A- i)

I Assume the following:

flywheel weight = w = 100lb

radius = r = 10 In.
Sr (effective) = re = 9 in. = 0.75ft

rotational speed = (ol = 10,000 rpm = 1047 rad/s

[ The moment of inertia (I) is the mass (n) times the square of the effective radius for a flywheel

system. Mass Is the weight divided by the gravitational constant. Therefore:

I = n(re)2 = (w/g)(re)2 =1100 lb (32 ft/s 2 )j 10.75 ft12

i = 1.75 ft-lb-s2

10,000 -

I I7 I5I

0 15 30

T (nin)L
Figure A-I. 100-kW Pulse rpm Profile
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FThe kinetic energy (KE) contained In the system Is one-half the moment of Inertia times the
rotational speed squared. Therefore,

KE= (1/2)1 ((42 - (1/2)(1.76ft-lb-s 2X1O47 rad/s)2

"I- = 964.663.9 ft-lb

The system Sparton has proposed uses two counter rotating flywheels: therefore, the 100-kW
pulse can be split equally for each flywheeL The 50-kW pulse with a 10-second duration can be
converted to Joules (energy) by multiplying the two factors. The Joules are converted to foot-1 "pounds by the conversion factor 0.7376. Therefore, the change In kinetic energy of the flywheel
system (AKE) Is:

i AE = (50 kWX(10 s)(0.7376 ft-lb/W-s)

S= 3.69 x 105 ft-Ib

The difference between the starting kinetic energy and the change in kinetic energy determines
the final kinetic energy KE2 in the system at the end of the pulse:

KE2 = KE- -A = 9.65 x 10 6 ft-lb - 3.69 x 105 ft-lb
= 5.96 x 105 ft-lb

[ From this number, the rotational speed of the flywheel at the end of the pulse ((02) can be
calculated from earlier formulas. Therefore:

- C(2_XKE)l V (2X5.96 x I0 e ft./(1.76 ft-lb-i 2)

S-- 822.96 rad/s
= 7858.69 rpm

SLikewise. the 400-kW. 2-second pulse can be substituted into the analysis and the final
rotational speed can be calculated. Only the calculations are presented for this pulse.
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F ~4004kW Pulmo
(figure A-2)

AM = (200 kW)(2 s)(0.7376 ft-lb/W-s)

= =2.95 x 105 ft-Ib

KE2 =KE -AM = 9.65 x10 5 ft-lb -2.95 x105 ft-1b

1~ =6.7 x 105 ft-lb

(2=2)KE-1(2X6.7 x 1O't.m/(1.76 -lb.S 2)

= 872.56 rad/s

I = 8332.35 rpm

210,00=0....0000-00000

8,332 ...

10 15 30

[ T (mmd)

F ~Figure A-2. 400-kW Pulse upon Profille
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The size and weight estimates for Inverter method F (internal combustion engine) are based

upon an engine efficiency of 20%. The energy content of the fuel (regular gasoline) Is taken as

125.000 Btu/gal. The conversion factor for British thermal units to kilowatt-hours Is:

kWh = 3413 Btu

The conversion from gallons to pounds Is:

Th gallon-609 pounds=to

J The energy output then is equal to:

EI E .20ox 12,O000 Dx...L xx M

gal 6.09 lb 3413 Btu

I = 1.2kWM
lb

[ For a total energy storage requirement of 132 kWh. the weight of fuel required is:

SW = 132 kWh/1.2 kWh/lb = 110 lb

With an additional 20 lb for the internal conbustion engine, the energy capacity a- stated in

table 3-1 becomes:

[ 132 kWh x 2.2 k
E = k -2234 Wh/kg

110 lb + 20 lb

The volume of fuel is:

L V= I 10 1b 18 galons (2.3 f3)
6.09 lb/ga

and the volume of the engine Is taken as 2.0 ft3 .

7097-000 I- I 192
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